Micro uidic devices are powerful bioapplication tools for cellular experiments in particular, as they can regulate physical and chemical parameters such as the ow rate, shear stress, oxygen, and molecular concentrations in a culture medium to mimic physiological and pathological microenvironments in vitro. However, as cell cultures take place in enclosed spaces, culture samples have to be removed repeatedly to monitor cell-derived metabolites and proteins in order to maintain the cellular microenvironment. We report a simple method for obtaining surface enhanced Raman scattering (SERS) spectra through self-assembly of a nanoparticle monolayer on polydimethylsiloxane (PDMS), which is commonly used in highly biocompatible micro uidic devices. Silica nanoparticles were stabilized as a hexagonal close packed structure on an O 2 plasma-processed PDMS membrane, and was coated with silver using vapor deposition to create an SERS plate. When this SERS plate was installed in a micro uidic device, the nanoparticles did not peel off even after long-term uid immersion. The SERS spectra exhibited stable SERS generation and an enhancement factor of more than 1.5 × 10 6 of the Raman signals from rhodamine 6G compared to the signals without nanoparticles. The SERS spectra of lactate and ATP were obtained, and Raman shifts due to the different masses of 12 C-and 13 C-lactate were observed, suggesting that the proposed method can be applied to determine the cellular metabolic ux in micro uidic devices. We also obtained cell membrane-derived SERS spectra by culturing murine mammary carcinoma 4T1 cells directly on the nanoparticle membrane. PDMS has high biocompatibility and is often used for fabricating micro uidic devices. Through tight binding of the nanoparticles to the O 2 plasma-treated PDMS, the chemical reaction products or the metabolites from cells can be measured for a long duration, while maintaining the microenvironment. We anticipate that this technology can be utilized as a useful tool for analyzing cellular metabolic functions and imaging cellular distributions without staining in various pathological models created in micro uidic devices.
Introduction
In a hypoxic environment, tumor cells switch from adenosine triphosphate (ATP) production through oxidative phosphorylation using oxygen in energy metabolism to ATP production through the glycolytic pathway, a phenomenon known as the Warburg effect [1] . In vitro experiments using cultured cells are effective in revealing the detailed mechanisms of the highly ef cient energy metabolism in cells. However, when the cells cultured in a hypoxic environment are removed from the culture medium, exposure to the atmosphere inevitably causes transient oxygen stimulation, rendering it dif cult to sample low molecular weight compounds such as metabolites and cytokines from the culture medium. Thus, the development and popularization of technology that allows monitoring of the temporal changes in metabolites while maintaining the microenvironment of the tumor is highly anticipated.
In recent years, the application of ne processing technology in biomedical research has yielded remarkable results. For example, it has enabled the control and analysis of chemical reactions by infusing multiple sub-strates into nely processed microsized channels [2, 3] and direct culturing of cells within micro uidic devices [4, 5] . We have developed and reported a culturing device that generates oxygen gradients in cell culture layers [6] . The ability to observe cell dynamics in an enclosed microspace while controlling the oxygen concentration, glucose, and other elements in the culture environment is one of the advantages of micro uidic devices. The addition of technology that permits continuous measurements of the metabolites and cytokines secreted by the cells within a micro uidic device would contribute to the elucidation of not only tumor mechanisms but also other pathological mechanisms. However, such technology is yet to be developed.
Metabolites and proteins can be analyzed with relative ease during culture by af xing a drain to the microuidic device to obtain culture samples. However, in order to maintain the cellular microenvironment, the quantities of speci c molecules within the device must be determined in a continuous and noninvasive manner without repeatedly removing the samples. To identify speci c masses optically, Raman spectroscopy can be used to measure the mass by obtaining scattered spectra that act as ngerprints speci c to the substance being measured. As the Raman-scattered light is very weak, surface-enhanced Raman scattering (SERS) and stimulated Raman scattering (SRS) have been used to intensify the signals [7] . Raman-scattered light is also utilized in the detection of tumor cells [8, 9] , but use in the enclosed space of micro uidic devices is dif cult.
In this paper, we report a simple method for obtaining the SERS spectra through self-assembly of a nanoparticle monolayer on polydimethylsiloxane (PDMS), which is commonly used in highly biocompatible microuidic devices. Upon treating a PDMS membrane with O 2 plasma, nanoparticles were immobilized on the PDMS, which allowed us to obtain SERS that remained stable even when exposed to liquid for long periods of time. We then installed the nanoparticles in a closed system (micro-channels) and attempted to obtain the SERS spectra of lactate, ATP, and cell membrane.
Methods

SERS plates with immobilized nanoparticles on a PDMS membrane
The structure of a SERS plate containing a nanoparticle monolayer formed on PDMS membrane is shown in Figure 1(a) . PDMS was deposited onto a glass plate and spin-coated for 35 s at 500 rpm and then heated on a hotplate for 2 h at 80 C. This created a 60-μm thick uniform PDMS membrane on the glass plate. To rmly af x the nanoparticles to the PDMS, the PDMS surface was treated with O 2 plasma using a plasma etcher (SEDE-P, Meiwafosis). Next, 8 μL of silica nanoparticles (500 nm in diameter; 43-00-502, Micromod) was placed on the thin PDMS membrane to form a nanoparticle membrane, which is a self-assembling monolayer with a hexagonal close-packed structure [10, 11] . The nanoparticles were xed to the PDMS by heating for 8 h on a hotplate at 80 C. Further, a vacuum deposition system (VPC-260F, Ulvac) was used to vapor deposit a 50-nm thick coat of silver (401385, Nilaco) on the nanoparticles, using an evaporation mask that matched the shape of the nanoparticles [12] . The ne nanostructure was imaged using a scanning electron microscope (SEM; INSPECT S50, FEI, Figure 1(b) ). We measured the re ection spectrum (UV-vis, Hitachi High-Technologies) of the nanoparticle plate and con rmed that the nanoparticle diameter and silver coating membrane thickness were suf cient to maximize the SERS effect from 633-nm wavelength laser.
Fabrication of micro uidic device with a SERS
nanoparticle membrane The schematic of a micro uidic device with internal SERS nanoparticles is shown in Figure 2 The micro uidic device is composed of three layers on a glass plate. The bottom layer is the PDMS membrane af xed with nanoparticles. The middle layer is lled with culture medium and contains two in ow and two out ow channels for the medium. The uppermost layer consists of a PDMS membrane that seals the culture medium. The volume of the space lled with the medium in contact with the nanoparticles can be changed freely by varying the thickness of the intermediate layer. However, the depth was set at 5 mm in the present study. We have previously reported a micro uidic device that forms oxygen gradients in the cell culture layer [6] . For this study, we constructed the same device. An infusion pump was attached to the in ow channel for continuous exchange of culture medium by changing the ow rate. The ow velocity of the culture medium in the culture layer was calculated using the FlexPDE simulation software.
Metabolite samples and cell culture on the nanoparticle plate
We used Rhodamine 6G dye that generates strong Raman-scattered light to evaluate the performance of the nanoparticle plate [13] . We diluted Rhodamine 6G in phosphate buffered saline (PBS) to a concentration of 10 μM, dropped the solution onto the nanoparticle plate, covered with a glass cover, and obtained the Raman spectrum. We also tested 12 C-lactate and its stable isotope 13 C-lactate (606065, ISOTEC), as well as ATP that could provide an overview of cellular metabolism. Lactate and ATP were diluted in PBS to concentrations of 2 and 10 mM, respectively.
To culture cells directly on the nanoparticle plate, we seeded 4T1 murine mammary carcinoma cells suspended in RPMI culture medium at a density of 1.5 × 10 5 cells/mm 2 on the nanoparticle plate, and cultured for 24 h. The cytoplasm was uorescence stained using Calcein-AM to visualize the cells cultured on the nanoparticle plate, and uorescent images were obtained using a uorescence microscope.
Raman-scattered spectrum
We used an inVia Raman Microscope (Renishaw) with a diffraction grating of 1800 l/m and He-Ne laser at wavelength 633 nm to obtain the Raman spectra. The sample was irradiated by laser through a 20 × objective lens, at a power of 0.2-1.7 mW and exposure time of 1 s. Raman scattering light was acquired at least three times using different nanoparticle substrates. The results are presented as typical individual data, average, and standard deviation. We used the enhancement factor (EF) as an index to estimate the SERS effect of the nanoparticle membrane [14] [15] [16] [17] . When used with the SERS, the EF inten- SERS spectrum of Rhodamine 6G. An increase in enhancement factor (EF) to >10 6 was observed compared to the spontaneous Raman signals. From the analyses of (e) EF and (f) re ectance spectra, a particle diameter of 500 nm and silver lm thickness of 50 nm were determined to be the optimal conditions for 633-nm wavelength laser. si es the normal Raman scattering spectroscopic intensity obtained from a single molecule many folds, and is calculated using the following formula:
Here, I SERS and I bulk are the signal intensities at 1509 cm
due to the SERS effect caused by the nanoparticles and when the nanoparticle plate is not utilized, respectively. N surf and N bulk are the number of molecules that contribute to the SERS effect caused by the nanoparticles and those that contribute to the Raman spectroscopy when the nanoparticle plate is not used, respectively. N surf and N bulk were determined to be 5.14 × 10 −18 mol and 1.69 × 10 −13 mol, respectively. Here, the depth of focus of the objective lens and the spot diameter of the laser to estimate N surf and N bulk were de ned to be 7 and 3.5 µm.
Results and Discussion
3.1 Self-assembly of nanoparticles and stable SERS signals Measurements of metabolites or proteins secreted by the cultured cells into the culture medium over time provide valuable information for determining the temporal dynamics of the cells or the pathological mechanisms. As the Raman spectrometric method makes it possible to obtain the ngerprint speci c to a molecule, it is a superior method for the identi cation and quantitative determination of molecules. Due to its non-contact and non-invasive nature, this measurement method has been used in numerous studies in the biomedical eld. However, as the Raman scattering light is weak, signal amplication with the SERS employing nanoprocessing substances or SRS using a short-pulse laser is required, thus limiting widespread use of this technology. Our method uses a simple technique for obtaining the SERS, which involves the instillation of nanoparticles on substrates and vapor deposition of silver. The size and pattern of the nanoparticle substrate can be changed freely and easily. The size can be adjusted by varying the amount of particle suspension applied. Moreover, it is possible to adjust the shape by removing unnecessary portion of the nanoparticles after drying. The SEM image in Figure 1(b) also shows the regular structure of the nanoparticles. Although spots of signi cant Raman-scattered light ampli cation, known as hot spots, are formed in the nanoparticle gaps by plasmon coupling [18, 19] , we were able to obtain SERS signals stabilized by the close packed structure, despite immobilization on the PDMS. A comparison between the SERS of a nanoparticle lm and the normal (spontaneous) Raman-scattered light in a Raman scattering spectrum of Rhodamine 6G (Figure 2(d) ) demonstrates an EF ampli cation effect of 1.5 × 10 6 . Furthermore, a close packed nanoparticle structure is formed throughout the entire instilled region. The Bragg re ection from the nanoparticles (Figure 1(c) ) demonstrates this clearly.
As the Raman scattering intensity is inversely proportional to the fourth power of the excitation wavelength, we can expect an even stronger scattering intensity using short wavelength lasers. However, as the water absorption is minimal, near-infrared lasers are appropriate when the target is a biological body. One of the advantages of using nano-SERS substrates in this method is that any laser wavelength can be accommodated by adjusting the nanoparticle diameter or the thickness of vapor-deposited silver. For 633 nm excitation laser, the optimal nanoparticle diameter and silver thickness at the highest EF used in this study were 500 and 50 nm, respectively (Figure 2(e) ). This can also be veri ed from the re ectance, which is the lowest at 633 nm, as shown in the re ection spectrum results (Figure 2(f) ). Likewise, for 785 nm excitation laser, for example, the particle diameter and silver thickness can be set to 600 and 100 nm, respectively, to realize the SERS (data not shown). This is highly applicable as it can be adjusted to various laser excitation wavelengths by changing the fabrication conditions of the SERS substrate only.
Nanoparticles immobilized in the micro uidic device
To apply SERS substrates with nanoparticles to wet biology, the nanoparticles need to be stable over long periods of time in uids. In micro uidic devices using PDMS, the method of using O 2 plasma to bond PDMS to the glass substrate is frequently used [20] . While there are various types of nanoparticle materials, we considered immobilization on the O 2 -plasma-treated PDMS using silica nanoparticles. Irradiating the PDMS surface with O 2 plasma and then instilling silica nanoparticles would result in self-assembly of a close packed structure. Then, the water molecules would be lost due to heating, leading to the formation of Si-O-Si bonds that strongly bind the nanoparticles to the PDMS. Figure 3 shows photographs of the plasma-processed and non-plasma-processed substrates after immersion in PBS. We observed partial peeling within 1 h in the non-plasma-treated nanoparticle lm, whereas the nano-substrate was stably af xed to the PDMS surface for over 24 h in the plasma-processed nanoparticle lm. When we applied the nanoparticles to the micro uidic device as shown in Figure 2 (a) and (b), no peeling was observed after ow exposure for 24 consecutive hours at an in ow rate of 200 µL/min and a ow velocity of 0.1 mm/s (calculated by COMSOL) on the nanoparticle side. There were also no marked decreases in the SERS signal. However, especially in the case of long-term perfusion, it is necessary to incorporate a mechanism for removing air bubbles generated in the device. For example, when cells are cultured in a micro uidic device, the bubbles generated may inhibit the ow of the culture medium, thereby generating different microenvironmental conditions such as pH and oxygen concentration locally in the device. Previous research has proposed removal of bubbles by bubble trap [21, 22] , surface modi cation of PDMS [23, 24] , and lter [25] , and stable long-term perfusion has been realized. Owing to the recent developments in microfabrication technology, developers can easily create simple designs independently, thereby adding various functions with added values to micro uidic devices. Thus, we anticipate further development of test kits for cell functional analysis or point of care. As PDMS is used in many micro uidic devices, SERS substrates with silica nanoparticles immobilized on the PDMS is an extremely effective combination.
Application to metabolite and cell analyses
One of the advantages of using Raman spectroscopy for micro uidic devices is the possibility of metabolite analysis. Figure 4(a) shows the spectra of 12 C-and 13 C-lactate. The C-COO − vibrational stretch for 12 C-lactate reaches its peak at 854 cm −1 , whereas this peak shifts to (126) 843 cm −1 for 13 C-lactate. Due to the extra neutron in the 13 C nucleus compared to 12 C, the vibrational energy of 13 C is smaller and its peak position shifts to the left [26] . Figure 4(b) shows the Raman spectrum of 10-mM ATP. The most prominent peak originating in the adenine can be observed at 731 cm −1 . For example, the glucose metabolism ux can be measured by adding 13 C-glucose transiently to the culture medium for a short period to measure the changes in 13 C-lactate and ATP production over time [27, 28] . In the tumor microenvironment reproduced in the micro uidic device, the metabolic response to arti cial control of the metabolic switch will probably provide interesting data for understanding the metabolic mechanisms of tumors.
Next, we attempted to obtain SERS signals from cells cultured directly on the nano-particles. The uorescent and SEM images of the cells are depicted in Figures 4(c) and (d) , respectively. Figure 4 (e) shows the SERS spectra obtained from the cells cultured on nanoparticle substrates. Signals originating from CH and CH 3 vibrations of the phospholipids are known to appear at around 2900 cm −1 [29, 30] . Therefore, the broad signals peaking at 2910 cm −1 are considered to be derived from the cell membrane. As the SERS is particularly enhanced in the nanoparticle gaps, it appears that the cells that have extended into the gaps between the nanoparticles can be observed as the lipid membrane signal peaking at 2910 cm . Flat cells cultured on the SERS substrate as well as spheroid-forming cells can be observed. It was not possible to obtain phospholipid-derived SERS signals from all the cells on the SERS substrate. Apparently the SERS signals could be obtained only when the cells were located in between the uneven elevations in the nanoparticle structure. In the future, we need to evaluate the conditions under which stable signals derived from the cell membrane can be obtained, from morphological observation of the cells. We also performed collagen coating to af x the cells to the nanoparticle substrate. Although the collagen signals did not overlap with the wave numbers indicating lipoic membrane signals, future research needs to explore nanostructures appropriate for cell adhesion and culture methods that do not require coating. In the future, obtaining stable cellular lipid spectra in a micro uidic device would allow imaging of cell morphology without staining. For example, iPS-derived cells or tissues that are intended for grafting into humans cannot be readily stained for safety reasons. Therefore, we believe that techniques for imaging cell morphology and metabolic levels without staining will nd promising applications.
Conclusion
We proposed a simple method for measuring SERS signals by installing nanoparticles in a micro uidic device. The nanoparticles were stabilized on a PDMS membrane by O 2 plasma bonding treatment, and stable metabolite and cell membrane SERS signals were observed. We anticipate that this technology can be utilized as an effective tool for analyzing cellular metabolic functions and imaging cellular distributions without staining in various pathological models created in micro uidic devices.
